Introduction {#s0001}
============

Cisplatin (*cis*-diamminedichloroplatinum(II)) is the oldest-approved and still the most widely used chemotherapeutic drug, utilised namely in the treatment of testicular, ovarian, bladder, head, neck, and small cell lung cancer[@CIT0001]. The mechanism of its function is based on the formation of bifunctional adducts with nuclear DNA that impairs the processes of DNA repair and cell division. Unfortunately, patients receiving cisplatin suffer from numerous adverse effects, such as nephrotoxicity, neuropathies, or hearing loss[@CIT0002]^,^[@CIT0003]. During the initial phase of the chemotherapy, the risk of a kidney damage caused by cisplatin is the main dose-limiting factor[@CIT0004]^,^[@CIT0005].

It has recently been demonstrated that cisplatin can inhibit the Na^+^/K^+^-ATPase (NKA) and proposed that this interaction can explain a large portion of the cisplatin adverse effects[@CIT0006]^,^[@CIT0007]. NKA is present in the plasma membrane of every animal cell and has a prominent role in the cellular metabolism[@CIT0008]. First, it is responsible for maintaining the resting plasma membrane potential, which is of particular importance in neurons. Second, it is the only enzyme that actively exports sodium ions from the cytoplasm, thus, creating a steep gradient of sodium concentrations over the plasma membrane. This gradient is utilised by numerous secondary active transporters of other solutes, which is particularly critical in the tissues with rapid metabolisms, such as kidney. The impairment of the NKA function results in a failure of these secondary active transporters, and consequent failure of H^+^, Ca^2+^, glucose, amino acids, and other solutes[@CIT0007].

A functional NKA molecule is composed of two main subunits (denoted as α and β), which are often associated with a tissue-specific protein from FXYD family ([Figure 1](#F0001){ref-type="fig"})[@CIT0008]. The transmembrane domain of the catalytic α-subunit contains the binding sites for the transported cations and its large cytoplasmic part contains both ATP-binding and phosphorylation sites. Three large domains (named as A, P, and N) could be identified on the cytoplasmic side of the membrane (see [Figure 1](#F0001){ref-type="fig"}). The A-domain is formed by the N-terminus and loops between the transmembrane helices M2 and M3 (loop C23). The two other domains (N- and P-domain) are formed by a large cytoplasmic loop connecting the helices M4 and M5 (loop C45). The C45 loop plays a significant role in the NKA function as the nucleotide binding- and phosphorylation sites are localised within the N- and P-domain, respectively. The β-subunit has a single transmembrane helix and a large glycosylated ectodomain. It serves as a molecular chaperone assisting the correct α-subunit folding, and it probably also plays a role in the K^+^ countertransport or in the cell-cell adhesion processes[@CIT0009].

![(A) An overall view of the crystal structure of Na^+^/K^+^-ATPase in its closed conformation (PDB code: 4HQJ). The protein is composed of three separate chains denoted as α-subunit (gray transmembrane region, dark gray A-domain, color scale P-domain as well as N-domain), β-subunit (light blue) and FYXD protein (light purple). The C45 loop of the α-subunit is composed of N- and P-domain. (B) A close-up view of the C45 loop structure with the cysteine residues (magenta) mutated in this study. (C) Simplified scheme of reactions forming the NKA catalytic cycle, sign "P" denotes the transiently autophosphorylated state of the enzyme.](IENZ_A_1445735_F0001_C){#F0001}

Soaking of the NKA crystals by cisplatin revealed that cisplatin is bound to the cytoplasmic part of the enzyme[@CIT0010]. This observation is in line with the cisplatin therapeutic action *in vivo*, which takes the advantage of a low reactivity of its diamminodichloro form. However, after passing into the cytoplasm, where the chloride concentration is lower compared to that in the blood, the chlorines can dissociate, yielding more reactive monoaqua or even diaqua forms[@CIT0011].

Therefore, our experiments focused on the detailed identification of the cisplatin binding sites were performed using the isolated large cytoplasmic loop C45 ([Figure 1](#F0001){ref-type="fig"}). This construct has been isolated in several laboratories[@CIT0012], and so far, all the experiments suggest that it retains its structure as when being part of the entire enzyme[@CIT0015]: the ability to bind ATP and its analogues[@CIT0016] and to change its conformation on nucleotide binding[@CIT0014]^,^[@CIT0021]. It can be expressed with high yields in bacteria, and its solubility greatly facilitates the subsequent experiments. Based on previous electrochemistry experiments, which suggested that cisplatin was bound to the cysteine residues of C45[@CIT0006], we have prepared 11 constructs, where the C45 cysteines were mutated to serines. Consequently, the interaction of the mutant proteins with cisplatin was evaluated.

Material and methods {#s0002}
====================

Chemicals {#s0003}
---------

All used chemicals were from Sigma-Aldrich Chemie (Steinheim, Germany), except for cysteine purchased from Roth (Overland Park, KS, USA) and methionine from Fluka (Milwaukee, WI, USA).

Preparation of the set of cysteine mutants {#s0004}
------------------------------------------

The C45 loop of the mouse brain NKA contains 11 cysteine residues at the positions 367, 421, 452, 456, 457, 511, 549, 577, 599, 656, and 698 (human α1 sequence numbering is used throughout the text). To create individual mutants, the cysteine residues were replaced by a serine (C367S, C421S, C452S, C456S, C457S, C511S, C549S, C577S, C599S, C656S, and C698S). A double mutant (C456S + C457S) was prepared by an additional replacement of the residue C457 in the C456S mutant.

All point mutations were carried out by QuikChange Lightning site-directed mutagenesis kit (Agilent, Santa Clara, CA, USA) and verified by DNA sequencing (Seqme, Dobris, Czech Republic).

Mouse C45 loop expression and purification {#s0005}
------------------------------------------

The expression and purification of (His)~10~-tagged proteins were done as described previously[@CIT0022]. The total protein concentration was assayed using Bradford's method with BSA as a standard. The purity of the recombinant proteins was determined by 10% Tris--Tricine SDS-PAGE[@CIT0023] (the molecular mass of the C45 loop is 48 kDa). The single amino acid replacements did not alter the overall protein yield and purity as revealed by SDS-PAGE. Only the mutant C698S had to be excluded from further experiments because it could not be purified as an intact protein.

Intact mass determination {#s0006}
-------------------------

MALDI-TOF analysis for intact mass determination of the C45 loop and its mutants in a native form or after the incubation with a 20-fold molar excess of cisplatin was performed on a Microflex LRF20 instrument as described previously[@CIT0006]. The final intact mass values were averaged from 10 technical replicates and calculated from the acquired *m/z* values of pseudo-molecular ions \[M + H\]^+^.

Chemical modification of cysteine residues {#s0007}
------------------------------------------

This chemical modification was performed according to previous protocols[@CIT0024]^,^[@CIT0025]. The C45 WT proteins were diluted to a concentration of 1 mg/ml and alkylated by 330 mM iodoacetate in 100 mM ammonium bicarbonate (the final concentration of iodoacetate was 55 mM) at room temperature for 30 min. The reaction was stopped by adding 10 mM β-mercaptoethanol. The modified C45 WT was dialysed against 2 l of dialysis buffer (20 mM Tris--HCl, pH 7.5) at 4 °C overnight.

The intact molecular masses of the alkylated C45 WT proteins before and after the cisplatin treatment were measured using the same setup as described in [Section 2.4](#s0006){ref-type="sec"}.

Molecular dynamics {#s0008}
------------------

A model of the C45 loop in the closed conformation was created based on the 4HQJ crystal structure[@CIT0026]. Point mutations were introduced manually using PyMol[@CIT0027] (Schrödinger, New York City, NY, USA). The system was inserted into a 9 × 9×9 nm^3^ fully hydrated box including 21 Na^+^ ions for charge neutralisation, and minimised. The molecular dynamics (MD) simulation was performed using GROMACS version 5.1.1[@CIT0028] (GROMACS, Arlington, VA, USA) and GROMOS96 54A7 force field. The system was simulated for 10 ns with the step of 2 fs, using a velocity rescaled thermostat set to 298.5 K and Berendsen barostat[@CIT0029] at 1 bar. The simulations were performed in two copies, denoted sim_WT1 and sim_WT2. The radial distribution function was calculated using the gmx rdf (GROMACS, Arlington, VA, USA) programme with respect to cysteine sulphur and water oxygen, with the first frame of analysis at 1 ns.

Results {#s0009}
=======

Cysteines are exclusive binding sites for cisplatin on C45 {#s0010}
----------------------------------------------------------

Mass spectrometry estimated that the intact mass of C45 (wild-type, including His-tag) is 48,316 ± 31 Da, which is in a good agreement with the calculation based on the amino acid sequence and with the previously published data[@CIT0006]. Cisplatin can form variety ([Figure 2](#F0002){ref-type="fig"}) of mono-, di-, tri-, or even tetravalent complexes causing a molecular mass increase in the range of 200--350 Da per one cisplatin adduct[@CIT0030]. The intact mass of cisplatin-treated C45 protein was estimated as 49,490 ± 20 Da ([Figure 3](#F0003){ref-type="fig"} and [Figure S1 in Supplementary Material](https://doi.org/10.1080/14756366.2018.1445735)), suggesting the formation of 4--5 adducts. It should be emphasised that cisplatin forms covalent adducts with proteins, and, hence, the binding stoichiometry is more proper interaction descriptor than the equilibrium binding constant used in some previous studies[@CIT0035]. Sulfhydryl groups of cysteines are the most reactive functional groups of amino acid residues towards cisplatin, and also previous electrochemistry data indicated that cysteines within the C45 interact with cisplatin[@CIT0006].

![Schematic explanation of the cisplatin interaction with C45. In extracellular milieu (left), the unreactive diamminodichlo-form of cisplatin prevails. After passing into cytoplasm (middle) with lower chloride concentration, cisplatin is transformed to more reactive diamminomonochloromonoaqua-form, which can interact with the cytoplasmic part of NKA. Examples of the monovalent adducts with cysteine on C45 are shown (right), moreover, numerous bi- tri- or tetra-functional adducts are also possible (not shown).](IENZ_A_1445735_F0002_C){#F0002}

Chemical modification by iodoacetate is based on the alkylation of available cysteine residues (carboxymethylation), which increases the protein intact mass by 58 Da per one modified residue[@CIT0024]. For C45 WT treated by iodoacetate, we detected intact mass of 48,595 ± 31 Da, again, suggesting the modification of four to five cysteine residues accessible from the solvent. The treatment by cisplatin of this iodoacetate-labelled C45 did not virtually change the intact mass (48,650 ± 31 Da), providing an evidence that cysteines are indeed the interaction sites for cisplatin on C45, and moreover, no other amino acids interacted with cisplatin under given experimental conditions ([Figure 3](#F0003){ref-type="fig"}). This is also a confirmation of the expected binding specificity.

![Intact mass of C45 without or after the chemical modification of cysteine residues by iodoacetate (black) and after the treatment by cisplatin (red).](IENZ_A_1445735_F0003_C){#F0003}

Cysteine mutants {#s0011}
----------------

In order to identify the cisplatin binding sites on C45, we prepared a set of mutants, where cysteines were replaced by serine residues. The differences in the intact mass as for wild-type between untreated and cisplatin-treated proteins were rather similar for the mutants C367S, C421S, C549S, and C599S. On the other hand, a lower value of molecular mass difference (approximately about 250 Da) was detected for the mutants C452S, C456S, C457S, C577S, and C656S ([Figure 4](#F0004){ref-type="fig"}), suggesting that one cisplatin binding site might be lost in these mutants. The molecular mass difference for the cisplatin complex with double mutant C456S + C457S decreased even more compared to that for the wild type indicating that despite their close proximity, both of these cysteine residues can be modified by cisplatin at the same time. An abnormal mass difference, higher than that for the wild-type, was detected for the C511S mutant.

![Differences in the intact mass of untreated and cisplatin-treated cysteine mutants.](IENZ_A_1445735_F0004_C){#F0004}

Simulation results {#s0012}
------------------

In both simulations replicates, the structure of the C45 loop remained stable, with a RMSD of about 4 Å compared to the starting structure. There were small differences in the position of the free loops between N-domain β-sheets, but overall, the main features of the C45 loop were identical. An interesting difference appeared at the α-helix containing C452, C456, and C457. It was quite dynamic during the simulation, and while the end of the helix stayed regular in the first simulation, it was unwound in second one, allowing both C456 and C457 to point to the bulk solution ([Figure 5](#F0005){ref-type="fig"}). In a good agreement with the experimental data, the cysteines C452, C457, C577, and C656 were all found on the surface of the protein in both simulations, which was confirmed both visually and by the radial distribution function ([Supplementary Material, Figure S2](https://doi.org/10.1080/14756366.2018.1445735)).

![The positions of C456 and C457 (highlighted in pink) in the N-domain, the starting crystal structure (A) and two final frames of MD simulation -- sim_WT1 (B) and sim_WT2 (C).](IENZ_A_1445735_F0005_C){#F0005}

Discussion {#s0013}
==========

Understanding the structural details of the cisplatin interaction with NKA can provide fundamentals for the attempts to eliminate the adverse effects of cisplatin. The adverse effects were proposed to be associated to the cisplatin interaction with proteins, and recently, it was demonstrated that cisplatin can interact e.g. with human serum albumin[@CIT0036], ribonuclease A[@CIT0037], lysozyme[@CIT0038], and other proteins[@CIT0039]. The most reactive functional groups in proteins towards cisplatin seem to be the sulfhydryl groups of cysteines[@CIT0030]^,^[@CIT0034]. Indeed, such an interaction of cisplatin has been reported for other proteins[@CIT0031]^,^[@CIT0032] and suggested also for the C45 loop[@CIT0006]. On the other hand, low-resolution crystallographic data revealed that only one cisplatin-binding site was located in the proximity of the segment with C452, C456, and C457, and other binding sites were located in the proximity of other residues, namely methionines[@CIT0010].

Our experiments revealed that the blocking of the cysteine sulfhydryl groups by their interaction with iodoacetate almost completely disabled a further interaction of the C45 with cisplatin, indicating that cysteines could, therefore, represent the exclusive reaction partners for cisplatin under given experimental conditions. We propose that the other binding sites detected by crystallography[@CIT0010] were found in consequence of the different buffer composition used. Particularly, a lower pH value of the crystallographic buffer disfavours interaction with cysteines and increases the probability of interaction with methionines.

The C45 contains 11 cysteinyl residues, however, some of them are buried under the protein surface, and, hence, they are not accessible to chemical reactions with species diluted in the solvent. The mass spectrometry analyses of C45 modified either by iodoacetamide or cisplatin revealed that it is possible to modify 4--5 cysteinyl residues, which is in a good agreement with previous reports[@CIT0007]^,^[@CIT0006] as well as with the predictions from molecular models. An abnormally high mass difference was detected for the C511S mutant. According to the model, C511 should be buried residue. We hypothesise that this mutant may not be correctly folded, and more cysteines become exposed to the solvent in this case. Hence, the data for this mutant are of little structural relevance.

The mutagenesis revealed that one cisplatin binding site was lost after mutation of the cysteine residues at the positions 452, 456, 457, 577, or 656. Furthermore, two binding sites were lost in the double-mutant C456S + C457S, indicating that both these adjacent residues reacted simultaneously without any steric restrictions.

The segment containing C452, C456, and C457, as well as Cys577, were recently identified as glutathionylation sites in NKA[@CIT0040]. Glutathionylation resulted in a suppression of the enzyme affinity to the nucleotide and consequent decrease in its activity[@CIT0041]. One can expect that the modification of these sites by cisplatin can have a similar effect. However, it should be emphasised that the cisplatin binding results in an irreversible NKA inhibition, which can be responsible for the large part of adverse effects observed during chemotherapy. It is in contrast to glutathionylation, which is reversible and can be considered as a natural transient regulatory event.

Conclusion {#s0014}
==========

Our data represent a solid structural background for the elucidation of the cisplatin adverse effects that are consequence of NKA inhibition. We have identified five cysteinyl residues on the cytoplasmic part of NKA that are able to interact with cisplatin. These sites are identical to the sites that are responsible for NKA regulation by glutathionylation, indicating a common regulatory mechanism. Our experiments revealed that under physiological pH values, these cysteines are the predominant interaction sites for cisplatin in this structural part of the enzyme.
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